S U M M A R Y Osteoarthritis is a chronic, debilitating joint disease characterized by progressive destruction of articular cartilage. Recently, a number of studies have identified a chondroprogenitor cell population within articular cartilage with significant potential for repair/regeneration. As yet, there are few robust biomarkers of these cells. In this study, we show that monoclonal antibodies recognizing novel chondroitin sulfate sulfation motif epitopes in glycosaminoglycans on proteoglycans can be used to identify metabolically distinct subpopulations of cells specifically within the superficial zone of the tissue and that flow cytometric analysis can recognize these cell subpopulations. Fluorochrome colocalization analysis suggests that the chondroitin sulfate sulphation motifs are associated with a range of cell and extracellular matrix proteoglycans within the stem cell niche that include perlecan and aggrecan but not versican. The unique distributions of these sulphation motifs within the microenvironment of superficial zone chondrocytes, seems to designate early stages of stem/progenitor cell differentiation and is consistent with these molecules playing a functional role in regulating aspects of chondrogenesis. The isolation and further characterization of these cells will lead to an improved understanding of the role novel chondroitin sulfate sulfation plays in articular cartilage development and may contribute significantly to the field of articular cartilage repair. (J Histochem Cytochem 56:125-138, 2008) 
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Because of the poor reparative ability of articular cartilage, once damaged, tissue destruction often progresses spatiotemporally from the articular surface to the subchondral bone. This leads, inevitably, to a loss of zonal tissue architecture and painful, limited joint movement, made manifest as degenerative joint disease or osteoarthritis (OA) . Although there are a number of promising cell-based strategies to repair articular cartilage [e.g., autologous chondrocyte implantation (ACI); Carticel; Genzyme, Cambridge, MA] (Brittberg et al. 1994) , there are none thus far that adequately regenerate (a) the correct hyaline cartilage tissue phenotype and (b) the correct zonal tissue organization. Fundamentally, this is because of the fact that the implanted chondrocytes lack the required developmental repertoire to fulfill their intended purpose (Hayes et al. 2007 ), a deficiency that could potentially be overcome if a cartilage progenitor/stem cell was used as an alternative cell source (Dowthwaite et al. 2004) .
Recently, Dowthwaite et al. (2004) have isolated a progenitor cell from the superficial zone of immature bovine articular cartilage through its high affinity to fibronectin. This cell, previously hypothesized to drive the appositional growth of the tissue (Archer et al. 1994; Hayes et al. 2001b) and positive for the cell fate receptor Notch-1 (Hayes et al. 2003; Dowthwaite et al. 2004) , has been shown to exhibit high colony-forming efficiency, high expansion potential, and phenotypic plasticity (Dowthwaite et al. 2004; Martin et al. 2005; Melero-Martin et al. 2006a,b) , thus showing significant therapeutic potential for cell-based articular cartilage repair procedures such as ACI. It is important to point out, however, that although this stem cell population expresses the cell fate receptor Notch-1 on its surface, expression of this receptor per se does not specifically designate a chondroprogenitor cell, because it is also present on other non-stem/progenitor cells within the cartilage tissue (Hayes et al. 2003; Dowthwaite et al. 2004) .
In humans, stem cells with similar growth characteristics have also been isolated from both normal and OA articular cartilage by fluorescence activated cell sorting (FACS) through immunoreactivity to CD105 (endoglin) and CD166 (ALCAM; neurolin; DM-GRASP; SC-1); cell surface markers whose coexpression defines mesenchymal stem cells (MSCs) in bone marrow and perichondrium (Alsalameh et al. 2004) . Although the precise niche of these cells from within the cartilage volume was not clear from the study mentioned earlier, a similar study using immature bovine articular cartilage indicated that these markers are also associated with superficial zone cell subpopulations (Richardson et al. 2006) . Additionally, positivity for CD9 (cell differentiation antigen), CD44 (hyaluronic acid receptor), CD54 (ICAM-1), CD90 (Thy-1), and CD166, in various triplicate combinations, has recently been used to sort populations of cells with growth characteristics of progenitors from human OA cartilage (Fickert et al. 2004) . Thus, at present, although there is considerable evidence of a stem/progenitor cell niche within articular cartilage, there is still no definitive biomarker of these cells.
In previous studies (Sorrell et al. 1988 (Sorrell et al. ,1990 Caterson et al. 1990 ), we identified several monoclonal antibodies (MAbs) that recognize specific disaccharide/ oligosaccharide sulfation motif (SM) epitopes within the linear framework of chondroitin sulfate (CS) glycosaminoglycans [GAGs; i.e., MAbs 3B3(2), 7D4, 6C3, and 4C3]. In these studies, we showed specific immunolabeling patterns at sites of lymphopoeisis in the developing Bursa of Fabricius that corresponded with distinct stem, progenitor, and stromal cell populations. Some of these MAbs have also been used to identify cellular repair responses in the pathogenesis of degenerative joint diseases such as OA (Caterson et al. 1990 (Caterson et al. ,1995 Carney et al. 1992; Ratcliffe et al. 1993; Visco et al. 1993; Slater et al. 1995) . Interestingly, in these latter studies, MAbs 7D4 and 3B3(2) specifically identified clusters of proliferating chondrocytes in fibrillated OA cartilage tissue. More recently, these cell clusters have also been shown positive for both Notch 1 and CD166 (Hiraoka et al. 2006; Redman et al. 2006) , which are cell surface markers that are synonymous with the stem cell niche (SCN), within the superficial zone of healthy articular cartilage (Hayes et al. 2003; Alsalameh et al. 2004; Dowthwaite et al. 2004; Richardson et al. 2006 ).
Numerous studies have now shown the importance of CS and heparan sulfate (HS) GAGs on cell and ECM proteoglycans (PGs) in the binding of a variety of cell signaling molecules (e.g., growth and differentiation factors, cytokines, chemokines, and enzymes) (Deepa et al. 2002; Kawashima et al. 2002; Bao et al. 2004; Nandini et al. 2004; Rapp et al. 2005; Tiedemann et al. 2005) . Significantly, it is the presence of specific sulfated saccharide motifs within the GAG chains that allow the binding and regulation of many of these signaling molecules, thereby regulating the intracellular signaling pathways that drive cell behaviors such as cell proliferation, differentiation, and matrix synthesis (Tiedemann et al. 2005; Johnson et al. 2007) .
In this study, we set out to examine the possibility that novel SMs on CS-containing PGs may be associated with the stem/progenitor cell niche of articular cartilage and whether MAbs toward these SMs could be used for cell sorting purposes. Using a bovine model, as used previously (Dowthwaite et al. 2004) , we report that (a) monoclonal antibodies 3B3(2), 4C3, and 7D4 can be used to identify metabolically distinct subpopulations of cells from within the SCN of articular cartilage (the latter two MAbs showing significant potential for cell sorting), which, we believe, designate early stages of stem/progenitor cell differentiation; and (b) that within this niche, these SMs seem to be associated with the CS GAG chains on a range of PGs, which include perlecan and aggrecan but not versican. Overall, our data suggest that, within the superficial zone of articular cartilage, novel CS sulfation confers functional specialization to a range of PGs within the SCN and may be involved in regulating cell behavior.
Materials and Methods

Source of Tissue
Articular cartilage was obtained from the lateral and medial condyles of hock joints of 7-day-old bovines.
Immunohistochemistry
Full-thickness cartilage tissue was fixed overnight in cold 75% ethanol, washed and cryoprotected in PBS containing 5% sucrose for 1 hr, and snap frozen onto cryostat chucks in Cryo-M-Bed tissue mountant (Bright Instruments; Cambridgeshire, UK). Frozen sections were cut and labeled by standard indirect immunofluorescence procedures with a panel of antibodies recognizing CS SM epitopes and CS chain PGs (see Table 1 for antibody details). All immunoreagents were diluted in 0.05 M PBS containing 0.1% TWEEN 20 (Sigma-Aldrich; Dorset, UK), which was also used as a wash buffer. For controls, sections were first enzymatically de-glycosylated by pretreatment with 0.5 U/ml chondroitinase ABC (Sigma-Aldrich) in 100 mM Tris acetate buffer (pH 7.4) for 1 hr at 37C to eliminate the CS chains recognized by MAbs 3B3, 7D4, and 4C3.
Fluorescent Labeling of CS SM Epitopes
Sections were washed, treated with blocking serum (Dakopatts Ltd.; High Wycombe, UK) at 1:20 dilution for 30 min at room temperature, and incubated overnight at 4C with primary antibody (Table 1) . Monoclonal antibodies 12C5 (Asher et al. 1991 ) and DS1 (Poole et al. 1986 ) were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA. After washing, sections were incubated with FITC-conjugated goat anti-mouse F(ab) 2 fragments (Dakopatts) for 30 min, counterstained with propidium iodide (0.5 mg/ml; Molecular Probes, Invitrogen, Paisley, UK) for 5 min, and mounted under coverslips in Vectashield mountant (Vector Laboratories; Peterborough, UK). Control sections that were incubated with either PBS or 10 mg/ml mouse immunoglobulins (Sigma-Aldrich) instead of primary antibody, with or without the enzymatic digestion step, showed no nonspecific labeling with either primary or secondary antibody.
Dual Labeling of CS SMs and PG Core Proteins
Cryosections of articular cartilage were dual labeled for different PG/CS epitope combinations using isotype-specific secondary antibodies. Because we had shown aggrecan, versican, and perlecan core proteins to be prominent within the superficial zone, suggestive of potential association with the CS SM epitopes under study, we consequently focused on these PGs, in particular, for dual-labeling experiments. Briefly, sections were first blocked in goat serum (1:20; Dakopatts) for 30 min at room temperature before overnight incubation at 4C with a MAb toward each PG core protein (Table 1) .
Sections were washed in buffer and incubated with goat antimouse F(ab) 2 IgG Alexa 488 secondary antibody (1:400; Molecular Probes) for 1 hr at room temperature. After a second blocking step, sections were incubated with the anti-CS SM IgM antibody for 2 hr at room temperature (Table 1) , washed in buffer, and incubated with a goat anti-mouse IgM (m chain)specific Alexa 594 sec secondary antibody (1:400; Molecular Probes) for 1 hr at room temperature. For nuclear context, some tissue sections were fluorescently stained with Hoechst 33258 (1 mg/ml; Sigma-Aldrich) before mounting in Vectashield mountant (Vector Laboratories). Dual-labeled sections were viewed under conventional epifluorescence illumination or by confocal laser scanning microscopy (see below).
Epifluorescent Image Analysis
To identify potential associations between different PG core proteins and different CS SM epitopes, the labeling patterns of green (Alexa 488) and red (Alexa 594) fluorochromes were compared using the Image J public domain Java image processing software (http://rsb.info.nih.gov/ij/). Epifluorescent images were split into their red, green, and blue components, and the degree of red/green overlap highlighted using the Image J Co-localization plug in (written by Pierre Bourdoncle, Institut Jacques Monod, Service Imagerie, Paris; http://rsb.info.nih.gov/ij/plugins/co-localization.html). Two points were considered co-localized in the image if their respective intensities were higher than the threshold value (100) of their channels and if the ratio of their intensity was higher than the ratio setting value (50%). Applying this criteria, regions of red-green co-localization were highlighted on the original epifluorescence images as a white overlay mask.
Confocal Laser Scanning Microscopy
Confocal microscopy of dual-labeled tissue sections was performed using a Leica TCS SP2 AOBS confocal laser scanning microscope (Leica; Wetzlar, Germany). Series of optical sections (z-stacks) were taken through dual-labeled tissue sections at a spacing of z0.5 mm using a 363 oil immersion objective. To eliminate the possibility of spectral cross-talk, fluorochromes were scanned sequentially using scan parameters optimized for the excitation and detection of either Alexa 488 (green) or Alexa 594 (red) fluorochromes. The frequency distributions of fluorescent intensities from green and red fluorochromes were analyzed using the proprietary Leica Confocal Software (Leica; Wetzlar, Germany) and presented both as scatter plots (cytofluorograms) and pixel intensity profiles.
Flow Cytometry
To obtain enriched populations of superficial zone cells for flow cytometry, thin slices of cartilage (z300 mm thick) were taken from the articular surface and digested sequentially in 7 U/ml pronase (Roche; Hertfordshire, UK) for 3 hr at 37C, followed by overnight digestion in 100 U/ml type II collagenase (Worthington Biochemical Co., Berkshire, UK). Suspensions of cells were washed in PBS and indirectly labeled with Alexa 488 (Molecular Probes) at 4C using monoclonal antibodies 3B3(2), 4C3, and 7D4 as described in the preceding section, but with the following modifications: all immunoreagents were diluted in 0.05 M PBS (pH 7.4) without TWEEN, and all antibody incubation steps were for 15 min. Twenty thousand to 30,000 events were registered per sample, and analysis of whole cells was performed using appropriate scatter gates to avoid cellular debris and aggregates. Propidium iodide (Molecular Probes) was used in unstained samples to monitor the viability of the chondrocytes and acted as a guide for the scatter gate. The mean fluorescence intensity (MFI) of the positive cell population analyzed using the data acquired from flow cytometry histograms was used as an indication of the density of monoclonal antibody binding to the chondrocytes. MFI values were obtained by subtraction of the MFI of the negative control population from the MFI of the positively stained population.
Results
CS SM Epitopes
The immunohistochemical (IHC) labeling patterns revealed that all three CS SM MAbs strongly immunolocated distinct and unique SM epitopes in the microenvironment of superficial zone chondrocytes ( Figures 1A, 1D , and 1G). The IHC labeling pattern for MAb 3B3(2) was the most subtle of the three antibodies ( Figures 1A-1C ). It identified a CS SM within the pericellular milieu of a small subpopulation of chondrocytes within the superficial zone, exhibiting a distinctive punctuate staining pattern in histological sections ( Figure 1A ). Punctate pericellular staining of cells was also observed within the zone of calcified cartilage matrix but not in the overlying uncalcified tissue ( Figure 1C) . The staining pattern observed with MAb 7D4 (Figures 1D-1F ) was distinct from that of 3B3(2) and more widespread. MAb 7D4 strongly identified a CS SM both at the articular surface, as a thin band of immunolabel, and within the pericellular matrix of the superficial zone to a depth of two to three cells ( Figure 1D ). No immunolabeling was present in deeper zones of the cartilage tissue ( Figures 1E and 1F) ; however, a specific population of cells surrounding sites of vascular ingression, possibly microvascular pericytes, were positive for the CS epitope recognized by this antibody (Figure 1F , inset). The CS epitope recognized by MAb 4C3 (Figures 1G-1I ) extended to a greater depth from the articular surface than that recognized by MAb 7D4 ( Figure 1G ). This antibody also labeled the pericellular matrix of cells in the calcified cartilage matrix but not the overlying uncalcified cartilage tissue ( Figure 1I ). Comparison of sections with negative controls labeled with either naive immunoglobulin or secondary antibody alone showed no nonspecific labeling (Figures 2A-2C) . Similarly, after deglycosylation with chondroitinase ABC, the specific labeling patterns were lost (data not shown).
Dual-labeling studies confirmed that the three CS SM epitopes had distinct, but overlapping, distributions within the superficial zone (data not shown).
CS PGs
Lecticans. Aggrecan was highly prominent within the pericellular matrix of both the superficial and deep/ calcified zones ( Figures 2D and 2F ), suggesting potential overlap with the CS SM epitopes under study. This lectican was also diffusely distributed throughout the tissue depth within the interterritorial matrix (Figure 2D-2F ). In contrast, versican was present only within the superficial zone ( Figure 2G ) and absent from the underlying cartilaginous strata ( Figures 2H and  2I ). Unlike aggrecan, however, it was absent from the pericellular matrix compartment, occurring instead within the interterritorial matrix ( Figure 2G ), further supported by confocal microscopic examination (see below). Weak immunolabeling for versican was also seen at sites of vascular ingression in the calcified zone of the tissue ( Figure 2I ).
HS-PG2.
Perlecan was strongly detectable in the pericellular milieu throughout the cartilage depth with diffuse weak labeling of the interterritorial matrix ( Figures 3A-3C ). Pericellular labeling of this PG was particularly prominent in the superficial zone (Figure 3A) , suggesting potential overlap with the CS SM epitopes under study.
Small Leucine-rich PGs. Biglycan (Figures 3D-3F ) and decorin ( Figures 3G-3I) were both distributed relatively homogeneously throughout the matrix in the upper two thirds of the cartilage depth; however, they had quite distinct distributions in the lower third of the tissue. Biglycan was highly prominent in the pericellular matrix of the deep and calcified zones ( Figure 3F ), whereas decorin seemed to be associated more with the territorial and interterritorial matrix compartments ( Figure 3I ).
Fluorochrome Co-localization Analysis
Dual-labeling studies indicated that both aggrecan ( Figure 4A ) and perlecan ( Figure 4C ), but not versican Figure 2 Distribution of large aggregating proteoglycans (PGs) (hyalectins), aggrecan, and versican (green labeling) in immature bovine articular cartilage. Cell nuclei shown in red.
(A-C) Unstained IHC negative control (mouse immunoglobulin). (D-F) Aggrecan is detectable throughout the cartilage matrix, but is particularly prominent pericellularly within the superficial zone (arrowheads) and also around chondrocytes at the mineralization front within the calcified zone. (G-I) IHC labeling of versican occurs specifically within the interterritorial matrix compartment of the superficial zone. Apart from at sites of vascular ingression (asterisk), versican is absent from the underlying cartilage zones. Bar 5 50 mm.
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Chondrotin Sulfate Biomarkers of Chondroprogenitors ( Figure 4B ), had potential association with the CS SM epitopes 3B3(2), 7D4, and 4C3 within the pericellular milieu of the superficial zone. Interestingly, although versican was absent from the pericellular matrix, this lectican frequently exhibited significant overlap with the CS SM epitope recognized by MAb 7D4 at the articular surface ( Figure 4B ). Of the three CS SM MAbs, 4C3 in particular co-localized prominently with aggrecan ( Figure 4A ) and perlecan ( Figure 4C ) within the pericellular matrix of the superficial zone, suggesting that either PG might carry the CS SM epitope recognized by this MAb. The labeling patterns for 7D4, and to a lesser extent 3B3, also displayed some degree of overlap with both aggrecan and perlecan ( Figures 4A and 4C, respectively) ; however, there appeared to be fewer chondrins positive for these CS-PG epitope combinations.
To eliminate the possibility that fluorescence outside the focal plane of interest was contributing to the observed overlap in fluorescent signals, tissue sections dual labeled for aggrecan and 4C3 were "optically sectioned" by confocal microscopy. Also, to reduce the risk of spectral bleed-through, green (Alexa 488) and red (Alexa 594) fluorochromes were scanned sequentially using scan parameters optimized for the narrow excitation and emission bands of each probe. Confocal evaluation confirmed potential association of the 4C3 CS SM epitope with both aggrecan and perlecan, but not versican, specifically within the pericellular matrix of the superficial zone ( Figure 5 ). Nonetheless, although the distributions of these PGs were similar to 4C3, they were not identical ( Figure 5A ), suggesting that other CS-PGs might also carry the 4C3 epitope. A comparison of scatter plots (cytofluorograms) that showed the frequency distributions of fluorescent intensities from green (Alexa 488) and red (Alexa 594) fluorochromes confirmed the similarities observed in the IHC labeling patterns, described above ( Figure 5B ). The convergent distributions of red and green pixels, made manifest as a yellow diagonal flare in the cytofluorograms, indicated that both aggrecan and perlecan, but not versican (which showed a divergent distribution with 4C3), had potential association with this CS SM epitope. Furthermore, analysis of the masked cytofluorogram revealed prominent red/green co-localization, specifically within the pericellular matrix compartment. A comparison of pixel intensity profiles of green and red fluorochromes along arbitrary line segments through the superficial zone ( Figure 5C ) also showed similarities in the fluorescent signals of both aggrecan Figure 3 Distribution of HSPG2, perlecan, and the small leucine-rich PGs, biglycan, and decorin (green labeling) in immature bovine articular cartilage. Cell nuclei shown in red. (A-C) Perlecan has a strong pericellular presence throughout the tissue but is particularly prominent in the superficial zone (arrowheads). (D-F) Biglycan is detectable throughout the uncalcified cartilage matrix, but within the calcified zone, it has a mainly pericellular distribution. (G-I) Decorin also occurs throughout the uncalcified cartilage matrix, but within the calcified zone, it is present mainly within the territorial matrix compartment. Bar 5 50 mm. and perlecan with 4C3, whereas versican had an almost reciprocal distribution.
Flow Cytometric Analysis of CS SM Epitopes
The results obtained from flow cytometric analysis of isolated chondrocytes immunolabeled with MAbs 3B3(2), 7D4, and 4C3 closely reflected the IHC labeling patterns observed in histological sections with these antibodies (Figure 6 ). Superficial zone chondrocytes showed very little staining with MAb 3B3(2) [mean MFI: 2.05 6 0.83 (SEM); Figures 6A, 6C, and 6F]; however, these cells showed greater density of MAb binding when labeled with MAb 7D4 (MFI: 15.97 6 6.69; Figures 6A, 6D, and 6F) , with MAb 4C3 showing the greatest labeling (MFI: 21.20 6 9.40; Figures 6A, 6E, and 6F ).
Discussion
In this study, we used MAbs [3B3(2), 4C3, and 7D4] that recognize distinct SM epitopes in CS GAG chains to identify subpopulations of cells within the superficial zone of articular cartilage, which, we believe, designate early stages of stem/progenitor cell differentiation. Differences observed in the IHC labeling patterns of each antibody were subtle yet distinct. The CS epitope recognized by MAb 3B3(2) was expressed pericellularly by only a small subset of chondrocytes within the super- Figure 4 Dual labeling of the superficial zone of immature bovine articular cartilage with MAbs toward novel CS SMs [3B3(2), 7D4, and 4C3] and aggrecan (A); versican (B), and perlecan core proteins (C). CS SMs are shown in red (Alexa 594), and PG core proteins are shown in green (Alexa 488). Cell nuclei are depicted in blue (left side only). Regions of red-green co-localization are highlighted by a white overlay mask (right side only). Within the pericellular matrix, all three CS SM epitopes display some degree of overlap with both aggrecan and perlecan, but not versican, core proteins, with the 4C3 CS SM epitope showing the greatest co-localization of the three CS epitopes. Although versican occupies a distinct (interterritorial) matrix compartment, it shares some degree of overlap with the 7D4 CS SM epitope, as a thin band of IHC label at the articular surface (arrowheads). Bar 5 25 mm.
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Chondrotin Sulfate Biomarkers of Chondroprogenitors ficial zone; the CS epitope recognized by MAb 7D4 occurred both at the articular surface and pericellularly to a depth of two to three cells; and the epitope detected by MAb 4C3, although having a similar distribution to 7D4, extended to a slightly greater depth within the tissue. The IHC labeling patterns thus indicated that superficial zone cells differentially modify the composition of their GAG chains (i.e., they differentially regulate the enzymes that modify sugar residues within their GAG chains) (Tiedemann et al. 2005 ) on their PGs in a highly specific, spatially distinct manner. Furthermore, on this basis, there are at least three metabolically distinct subpopulations of chondrocytes resident within the superficial zone, which has previously been identified as an important stem cell environment in articular cartilage (Dowthwaite et al. 2004) .
Novel CS epitopes recognized by MAbs 3B3(2) and 7D4 are widely synonymous with both naturally acquired and experimentally induced OA. In such cases, they are associated with clusters of proliferating chondrocytes and are believed to represent a cellular repair response (Carney et al. 1992; Ratcliffe et al. 1993; Visco et al. 1993; Roberts et al. 1994; Caterson et al. 1995; Slater et al. 1995) . However, unusual CS SM epitopes are also expressed at many zones of growth and differentiation during embryonic development and in normal tissue homeostasis (Caterson et al. 1990 ). Novel CS sulphation sequences occur in the functionally distinct layers of skin (Sorrell et al. 1990 ); they are associated with the growth plate in developing long bones (Caterson et al. 1990; Gibson et al. 1996) and occur at important growth zones in the developing intervertebral disc (Hayes et al. 2001a) . During lymphopoeisis, CS chains are differentially modified at sites of B-cell differentiation and maturation (Sorrell et al. 1988; Caterson et al. 1990) , and in the brain, CS sulfation plays an important role in neurite outgrowth, synaptic plasticity, and neurological development (Rhodes and Fawcett 2004) .
Recent studies have established the importance of CS chains on PGs in the binding of growth factors, cytokines, chemokines, enzymes, and adhesion molecules (Deepa et al. 2002; Kawashima et al. 2002; Bao et al. 2004; Nandini et al. 2004; Rapp et al. 2005; Tiedemann et al. 2005) . CS is composed of repeating disaccharide units of glucuronic acid and N-acetylgalactosamine. The hydroxyl groups on these disaccharide units can be differentially sulfated on the 2-position of the glucuronosyl residue and the 4-or 6-positions of the N-acetyl galactosamine, thus producing enormous structural heterogeneity within the molecule. Because of their high sulfate and carboxyl group content, CS chains have a strong negative charge and thus an inherent ability to attract positively charged matrix molecules (e.g., growth factors, cytokines) through electrostatic interaction. However, CS-containing PGs can also interact with a wide variety of matrix molecules in a highly specific manner that is dependent on the precise carbohydrate composition of their CS chains (Deepa et al. 2002; Kawashima et al. 2002; Nandini et al. 2004; Tiedemann et al. 2005) . In binding biologically active molecules through unique sulfation sequence motifs, GAG chains on PGs thus have the potential to directly influence many cell behaviors including cell proliferation, differentiation, migration, and matrix secretion in a highly specific way (Rapp et al. 2005) . For example, Johnson et al. (2007) have recently showed dynamic changes in the sulphation pattern of cellassociated HS GAG chains, from low to high sulphation isoforms, during the transition of embryonic stem cells to differentiated cell types. These changes, mediated by "early" (N-sulfotransferases) and "late" (6O-and 3O-sulfotransferases) sulfotransferases, were shown in their study to result in an improved ability of the HS chains to bind fibroblast growth factor 2 (FGF2), which is an important growth factor involved in pluripotency and cell differentiation. In addition, recent work by Tiedemann et al. (2005) has also shown that soluble growth factors such as transforming growth factor (TGF)b1 can themselves regulate the detailed polysaccharide structure of CS GAG chains-and thus their emergent biological properties-by controlling the relevant sulfotransferase enzymes involved in their biosynthesis.
In the superficial zone of articular cartilage, the CS GAG chains of both ECM and cell-associated PGs may interact with a wide range of soluble signaling molecules (e.g., growth factors, cytokines) within the ECM that surrounds stem/progenitor cells (Figure 7) . The superficial zone is known to be an important sig- naling center that contains members of the TGF-b, insulin-like growth factor (IGF), and FGF families of growth and differentiation factors (Archer et al. 1994; Hayes et al. 2001b; Vincent and Saklatvala 2006; Vincent et al. 2007) . Once bound, these growth factors may either be sequestered within the ECM, thus protecting them from proteolytic degradation, or alternatively, activate specific receptors on the cell surface, thereby initiating signal transduction pathways regulating stem cell behavior. Similar signaling mechanisms may occur at the cartilage bone interface, where novel CS SMs are associated with cells at the mineralization front [i.e., the 3B3(2) and 4C3 motifs], and also with cells surrounding sites of vascular invasion in the calcified zone (i.e., the 7D4 motif), suggesting that these CS SMs may also play important roles in bone for- mation. This is supported by a recent study (Ling et al. 2006) , which has shown that sulphated CS GAGs mediate the effects of FGF2 on the osteogenic potential of osteoprogenitor cells. Whether the CS SM [3B3(2) and 4C3]-positive cells detected at the mineralization zone in this study represent osteoprogenitors remains uncertain; however, the highly specific distribution of 7D4-positive cells around invading blood vessels suggests strongly that these cells are microvascular pericytes (Canfield et al. 2000) , which are known to possess multipotential stem cell activity (Canfield et al. 2000; Farrington-Rock et al. 2004 ).
Previous studies have indicated that the epitopes recognized by MAbs 3B3(2) and 7D4 recognize nonand low-sulphated isoforms of CS, respectively (Couchman et al. 1984; Caterson et al. 1995; Ong-Chai 1999) . Thus, the presence of ECM and cell-associated PGs carrying these lesser-sulphated GAGs, along with hyaluronan bound to CD44 receptors, around stem/ progenitor cells may form a physical and biochemical barrier that prevents growth factor presentation and receptor binding (i.e., we suggest that within this SCN stem/progenitor cells are buffered from the influence of growth factors and other soluble signaling molecules by a shield of non-sulphated or minimally 4-sulphated CS-PGs and hyaluronic acid; Figure 7A ). When cells are translocated out of this niche, as occurs during cell division (or, alternatively, in response to insult; for example, during repair/regenerative responses), the daughter cell becomes exposed to growth factors that are bound to more extensively sulphated PGs, whereas the parent cell remains protected within the SCN (Figure 7B) . The subsequent interaction of the daughter cell with growth factors outside of the SCN results in activation of intracellular signaling pathways that drive cellular behaviors such as proliferation and differentiation ( Figure 7C ). Data supporting this hypothesis, that the SCN is composed of PGs with non-or undersulphated GAG chains and hyaluronan, has been reported in several recent publications (Matsumoto et al. 2006; Johnson et al. 2007 ).
The principal CS-containing PGs in articular cartilage include members of three PG families: the lecticans (hyalecticans), the small leucine-rich PGs (SLRPS), and HS-PG2, perlecan. Members of these families are distributed extensively throughout the ECM, bind a variety of both soluble and insoluble ligands, and can influence a wide variety of cell behaviors (Kresse and Schö nherr 2001; Kinsella et al. 2004) . Given the large amounts of matrix PG present in articular cartilage, the task of identifying the precise PG core proteins to which each CS SM is associated is particularly difficult, because these motifs are situated within the microenvironment of a minor population of cells within the superficial zone. We have thus compared the IHC distributions of the above PGs with each CS SM epitope [i.e., 3B3(2), 7D4, and 4C3) to identify potential associations between these molecules specifically within this location. Intriguingly, we have shown that the IHC labeling patterns of all three CS antibodies, but particularly MAb 4C3, have spatial similarities with the distributions observed of aggrecan and perlecan (i.e., co-localizing prominently within the pericellular milieu of the superficial zone). The overlapping distributions suggest that these CS motifs, but particularly 4C3, may be associated with the CS GAG chains of both aggrecan and perlecan and that novel CS sulfation may endow functional specialization to these PGs within the pericellular environment of the superficial zone. It is important to stress, however, that these SMs may also be associated with a range of other CS-substituted PGs in the SCN that include decorin and biglycan, as well as other HS-PGs that are associated with the cell surface (e.g., members of the syndecan family). Syndecan 3, for instance, has been shown to modulate the activity of bone morphogenetic protein during cartilage limb differentiation (Fisher et al. 2006 ) and, significantly, both syndecans 1 and 3 are upregulated in the chondrocyte clusters that are associated with OA (Pfander et al. 2001; Salminen-Mankonen et al. 2005) . Indeed, our data suggest that the CS SMs [3B3(2), 7D4, and 4C3] are present on a variety of ECM and cellassociated PGs within the SCN; this is reflected in our colocalization analyses, which, although revealing close similarities in the staining patterns of certain CS SM-PG core protein combinations, clearly do not show mutual exclusivity. It is conceivable, however, that the SMs present on the CS GAG chains may project some way away from the antibody binding site on the PG core proteins and, in this sense, one might not expect a perfect correlation. It remains, nonetheless, that versican seems to lack all three CS SMs, at least pericellularly, because this PG occupies a distinct ECM compartment, occurring exclusively within the interterritorial matrix.
In the developing growth plate, perlecan and aggrecan are generally considered the principal candidate PGs involved in growth factor binding (Govindraj et al. 2002) . In this tissue, the HS chains of perlecan, in particular, act as low-affinity coreceptors for the FGFs and ensure correct positioning of the FGFs to their cognate receptors Melrose et al. 2006) . As FGF signaling regulates chondrocyte proliferation in the growth plate (Govindraj et al. 2002; Knox and Whitelock 2006) , thereby affecting long bone growth, these interactions must be tightly controlled. Recent evidence has shown that this control is provided by CS substitutions made to the perlecan core protein (Govindraj et al. 2002; Smith et al. 2007) . Specifically, CS chains on perlecan prevent the HS chains from delivering FGF2 to their cognate receptors, possibly through a mechanism involving steric hindrance (Smith et al. 2007 ). The addition of CS GAG
Chondrotin Sulfate Biomarkers of Chondroprogenitors Figure 7 A hypothetical model showing the proposed role of differential CS sulfation of matrix and cell-associated PGs in forming a stem cell niche and thereby regulating the proliferation/ differentiation state of stem/progenitor cells. (A) Stem cells are protected from the influence of growth factors by a shield of hyaluronic acid and proteoglycans containing non-sulphated or minimally sulphated CS glycosaminoglycans that prevent their binding with cell surface receptors. (B) During stem/progenitor cell division, one of the daughter cells is translocated outside the pericellular shield of non-and minimally sulphated CS proteoglycans, where it becomes susceptible to binding of growth factors. (C) This daughter cell is now completely removed from the stem cell niche, and growth factor-receptor binding leads to cell differentiation/proliferation (green cell). The parent/daughter cell, meanwhile, remains within the low sulphated CS-PG-shielded niche.
chains to perlecan thus determines its role as a matrix sink for FGF2 in this tissue context. The CS chains of perlecan have also been shown to bind collagen (Kvist et al. 2006) , thus potentially enhancing the pool of perlecan-bound growth factor within the ECM.
Finally, our flow cytometric data revealed that MAbs 4C3 and 7D4 could be used to identify and potentially separate viable cells from the superficial zone with MAb 4C3 showing the greatest staining. Interestingly, the data showed very little staining of isolated chondrocytes with MAb 3B3(2). Thus, the trend closely reflected the IHC labeling patterns observed in histological sections with these antibodies. The cell surface/pericellular localization of the CS chains, recognized by each of the MAbs, suggests that greater yields of labeled cells might be obtainable by FACS using an isolation procedure that would preserve the pericellular matrix compartment intact (i.e., isolation of whole chondrins rather than chondrocytes). Sequential digestion with collagenase and dispase, for example, has been shown to release chondrins from their surrounding ECM in cartilage; however, this method destroys the CS epitope recognized by MAb 7D4 (Lee et al. 1997) , making it inappropriate in the current context. Other physical isolation methods such as microaspiration (Alexopoulos et al. 2003) or homogenization and serial dilution (Poole 1990 ) thus may be of benefit in future studies of this sort.
In summary, this study provides evidence that the superficial zone of immature, bovine articular cartilage contains at least three metabolically distinct subpopulations of cells, unique from the chondrocytes of subjacent cartilaginous zones. These cell populations are identifiable using MAbs 3B3(2), 4C3, and 7D4, which recognize distinct novel SM epitopes in the native CS chains; the latter two MAbs show potential for sorting by FACS. The unique distributions of novel CS GAG chains specifically within the microenvironment of distinct superficial zone subpopulations seems to designate early stages of progenitor cell differentiation and is consistent with these molecules playing a functional role in regulating aspects of chondrogenesis. The overlapping distributions of these molecules with aggrecan and perlecan suggest that novel CS sulfation may contribute to some of the functions attributed to these lecticans, in particular, within the superficial zone of articular cartilage. However, it is likely that these SMs are also present on the CS chains of other ECM and cell-associated PGs. Ongoing work in our laboratory is aimed at using these CS SM antibodies as tools in the identification, isolation, and characterization of stem/progenitor cell populations in a variety of musculoskeletal tissues. These studies will lead to a greater understanding of the role novel CS sulfation plays in tissue development and regeneration in health and disease.
